Abstract-In this work, a fiber loop mirror for the simultaneous measurement of strain and temperature is presented. The loop mirror contains a section of a small core microstructured fiber characterized for strain and temperature sensing. Due to the small core geometry and using a small section length, the structure presents high birefringence and also intermodal interference. The spectral response of this configuration shows the presence of three interferometers. One of them corresponds to the interference of light that propagates in the fast and slow axes (group birefringence) and the others are associated with the interference of light in the two lowest order spatial modes in each of the fiber eigenaxis. These interferometers present distinct sensitivities to strain and temperature for different wavelengths.
I. INTRODUCTION
T HE fiber loop mirror (FLM) is a frequently used device for specific applications. It is very easy to fabricate considering it is formed by a splice between the output ports of a directional optical coupler. A particular FLM configuration containing a section of highly birefringent (Hi-Bi) fiber has several advantages when compared to a more traditional interferometer [1] . In optical sensing, besides the gyroscope application, it has been used for strain [2] and temperature [3] measurement, to measure the level of liquids [4] and to sense displacement [5] . At the same time, it has been used as a spectral filter for fiber Bragg grating demodulation [6] . Recently, several authors have proposed new FLM-based configurations for strain and temperature discrimination. These configurations are based on a section of Hi-Bi fiber combined with a long-period grating [7] different types of Hi-Bi fiber [8] , and two in-line Hi-Bi FLM [9] . All these configurations require two sensing structures to eliminate the temperature cross sensitivity. A possible solution is to use a pure silica section of photonic crystal fiber because the temperature sensitivity is very low [10] , [11] .
In this work, we present an alternative solution for the simultaneous measurement of strain and temperature using only one section of a small core microstructured fiber. The spectral response can be understood from the presence of three interferometric signatures, where two of them are associated with the interference between two spatial modes in each of the eigenaxis of the Hi-Bi fiber, and the other comes from the conventional FLM (interference of light that propagates in slow/fast axis of the Hi-Bi fiber). Fig. 1 illustrates the experimental setup, which consists of an optical broadband source, a fiber-loop mirror containing a section of small core microstructured fiber, and an optical spectrum analyzer (OSA) with a maximum resolution of 50 pm. However, it could be possible to use an appropriate interrogation system, conceptually more elegant and based on the generation of quadrature phase-shifted interferometric signals through the use of dual-wavelength illumination by two discrete sources for each peak [12] . The optical source is an erbium-doped broadband source, with a central wavelength of 1550 nm and a spectral bandwidth of 100 nm. The FLM is formed by a 3-dB (2 2) optical coupler with low insertion loss, an optical polarization controller (PC), and a small core microstructured fiber section with 24-cm length. The fiber 13/04 Ge was fabricated at XLim 1041-1135/$26.00 © 2010 IEEE (Limoges) and presents 5 layers with 84 holes. The core diameter is 1.5 m and has a central doped region with a diameter of 1 m. The diameter of the holes is 1.8 m and the pitch is 2.25 m. Due to the small core and the asymmetry of the holes region, this geometry presents low birefringence (Hi-Bi), with a group birefringence value of 9.6 .
II. EXPERIMENTAL RESULTS

A. Experimental Setup
B. Results
Fig . 2 presents the spectral response of the sensing structure. Two fringe patterns are clearly observed. Peaks 1 and 2 are the ones used for the analysis (any two peaks well apart are appropriated) when the sensing head is affected by a particular measurand. Fig. 3 helps us to understand the origin of the interference terms. The data in Fig. 3(a) is obtained from the data of Fig. 2 through numerically subtracting the fitted response of the Hi-Bi FLM, presented in Fig. 3(b) .
The fringe pattern in Fig. 3(b) comes from the interference between light that propagates in the two polarization modes of the Hi-Bi fiber, as can be confirmed in view of the agreement of the measured spectral periodicity and the value calculated from the fiber birefringence and its length. The fringe pattern shown in Fig. 3(a) , with much smaller periodicity, comes from the interference between the two modes, for each polarization, supported by the core structure (which has a central region doped with germanium surrounded by a ring of pure silica). The refractive index difference between these two regions 10 is compatible with the periodicity observed (the small fringe amplitude-compared with the one of Fig. 3(b) -is an indication of the low power that propagates in the ring region). Because there is a fringe pattern of this type for each polarization, they beat together resulting in the observed envelope modulation with a periodicity close to the one associated with the interference of the light that propagates in distinct polarization axis. The chirp behavior evident in Fig. 3(a) is certainly associated to different chromatic dispersion dependences of the two core spatial modes. Fig. 4 presents an example of the pattern fringe variation when the temperature is applied.
The sensing head was characterized in strain (temperature constant) and temperature (strain constant). Fig. 5 shows the different responses of the sensing head when strain is applied. A linear blue shift is observed. On the other hand, Fig. 6 gives the results relative to temperature, where now there is a red shift. When compared with the observed behavior in conventional Hi-Bi fibers [13] , the strain result is similar to what happens when the birefringence is dominated by geometric effects. The opposite effect in temperature is due to an increase in phase difference of the two modes when the temperature is applied. As the fiber length is the same for the two modes, it is required that the effective index difference between the two modes increases. As can be observed, peaks 1 and 2 present different sensitivities for the strain and temperature (see Figs. 5 and 6 ). This difference is expected because the pattern fringe periodicity depends strongly on the wavelength. For the same phase variation, as the pattern fringe period is different, peak 2 presents more sensitivity than peak 1 since the displacement of this fringe is higher (see Fig. 4 ). With these results, a well-conditioned system of two equations for and can be written which, from the slopes indicated in Figs. 4 and 5, is given by ( in picometer and , in degrees and microstrain, respectively)
The quantitative performance of this sensing structure was evaluated when the sensing head undertook strain variations in a range of 800 at a fixed temperature C , and the other way around, i.e., temperature variations in a range of 55 C for a specific applied strain . The root-mean-square (rms) deviations relative to the applied values are 1.5 C and 4.7 for temperature and strain, respectively, which can be considered the resolutions obtained with this structure when implementing simultaneous measurement of these two parameters.
III. CONCLUSION
An FLM including a small core microstructured optical fiber was characterized for simultaneous measurement of strain and temperature. Due to the structure of the core, intermodal interference was observed, resulting in a complex channeled spectrum. This effect was not explored by the research community and presents one advantage when the sensing head is used for strain and temperature discrimination. In simultaneous measurement of physical parameters, usually the configuration is a combination of two sensors in series and, in this case, the sensing head is composed only by a section fiber. The fringe pattern is strongly dependent of the wavelength and when the sensing head is subjected to a strain or temperature, a different response was obtained. This effect was explored to discriminate both parameters with resolutions of 1.5 C and 4.7 for temperature and strain, respectively. However, this sensing head can be also used to separate three parameters combining the two peaks used in this experience and the other pattern fringe obtained by the birefringence of the fiber. Through optimization of the fiber design, a substantial reduction of its length can be obtained.
